Background and Aim of Study: The phosphodiesterase inhibitors (Sildenafil and Milrinone), Nitric Oxide donor Sodium Nitroprusside (SNP) and prostacyclin analogs are commonly used pulmonary vasodilators to treat pulmonary hypertension. In the past few years, we have used human pulmonary artery rings in vitro to evaluate pulmonary vascular resistance. The main objective of the current study is to document the pharmacological impact of clinically used prostacyclin analogs on the human pulmonary system in parallel with phosphodiesterase inhibitors and SNP. Methods: The study used human pulmonary artery rings of internal diameter of 2 -4 mm and length of 2 mm. These were extracted from patients with lung resections. These rings were then mounted on a multiwire myograph, and changes in isometric tension were noted. Then, concentration response curves were constructed to Sildenafil (Sd), Milrinone (Mil), Sodium Nitroprusside (SNP), Epoprostenol (Ep), Iloprost (Ip) and Treprostinil (Tp). Results: 52 pulmonary artery rings were used in these experiments. Sildenafil, Milrinone, SNP, Epoprostenol, Iloprost and Treprostinil caused a concentration-dependent vasodilation in small human pulmonary arteries (pEC 50 : 5.97 ± 0.22, 5.99 ± 0.12, 7.64 ± 0.08, 7.53 ± 0.14, 8.84 ± 0.15 and 9.48 ± 0.13 respectively, n = 8 to 12). The efficacy for the same was in the order: Tp = Ip > Ep > Mil > SNP > Sd. The potency varied in the order: Tp > Ip > SNP > Ep > Mil > Sd. Conclusion: This research showed the efficacy as well as the potency of SNP and phosphodiesterase inhibitors and prostacyclin analogs on the human pulmonary vasculature. Treprostinil and Iloprost exhibited maximum relaxation. However, Sildenafil and SNP showed lesser impact. These effects need to be considered for clinical studies How to cite this paper:
Introduction
Pulmonary hypertension (PH) may be defined as a disorder of the cardio-pulmonary system where pulmonary artery pressure is greater than or equal to 25 mm mercuric pressure at rest when evaluated via right heart catheterization method [1] . Pulmonary hypertension can be labelled as a life-threatening disorder as it can lead to death if left untreated. The average survival for untreated subjects may be nearly 2 years after disease diagnosis [2] . The pathophysiology of PH involves vasoconstriction that leads to intimal fibrosis, the proliferation of smooth muscle cells and medial hypertrophy. An imbalance in endogenously released vasodilators (NO and prostacyclin) and vasoconstrictors (Endothelin-1) induces vascular remodeling, and therefore PH is more of a vasoproliferative rather than vasoconstrictive disease [3] . The treatment depends on the disease etiology and the extent of functional disability. The key objective here is to enhance patient outcomes, life quality, and survival rates. Various therapeutic agents, such as prostanoids (Epoprostenol, Treprostinil, Iloprost), phosphodiesterase inhibitors (Sildenafil, Milrinone) and NO, are currently being used to manage PH. Despite recent advances, none of the current treatment regimens is effective in reversing the remodeling of the pulmonary vasculature and reducing mortality. This has led to the recognition that there still exists a need to shortlist some potential therapeutic agents to handle the menace [4] .
Vasodilator drugs are commonly used peri-operatively to treat high blood pressure in the pulmonary artery and reduce pulmonary vascular resistance. The effects of commonly used vasodilator agents on pulmonary vascular tone have been extensively investigated clinically. However, there is little work done to compare the direct impact of these drugs on the human pulmonary vasculature.
Our group has in recent years developed experience in the use of human pulmonary artery (PA) rings to understand the physiological as well as the pharmacological impact on human pulmonary vessels. The key goal of this research study is to quantify the efficiency as well as the potency of common vasodilators on an isolated human pulmonary artery in contrast with prostacyclin analog variants.
Methods and Materials

Ethical Approval
These experiments conformed to the Helsinki Declaration of the World Medical World Journal of Cardiovascular Surgery 
Isolation and Mounting of PA Rings
Pulmonary arteries were collected from subjects undergoing lobectomy for cancer and transferred to the lab in oxygenated (5% CO 2 :21% O 2 ) Krebs-Henseleit solution (containing: (mM) NaCl 118, KCl 4.7, MgSO 4 1.2, NaHCO 3 25, KH 2 PO 4 1.2, CaCl 2 2.4 and glucose 11). The pulmonary arteries were dissected from disease-less regions in the lung. These were later reduced to 2 mm long rings after meticulous separation of connective tissues. A total of 64 pulmonary arteries (PA) rings of internal diameter ranging from 2 mm to 4 mm were prepared from a total of 18 patients. A multiwire myograph system (DMT 620M) was used to mount PA rings and measure isometric tension [ Figure 1 , Figure 2 ]. The myograph system was connected to a computer to continuously measure isometric tension via an amplifier (Power Lab 8/35, AD Instruments) and data acquisition system (Lab Chart Pro Version 8.0).
Determination of Agonist Induced Relaxation
After the successful mounting of PA rings, a resting tension of 1.6 gf was applied that was calculated from earlier experiments and shown to be the optimum resting tension in this model [5] . The vessels were then left to equilibrate with 21% O 2 : 5% CO 2 at 37˚C for 1 hour. PA rings were then pre-constricted with 11.21 µM PGF 2α (EC 80 ), calculated earlier from previous experiments [6] . When a stable active tension was achieved, a series of increasing concentration response curves were created for Sildenafil, Milrinone, Sodium Nitroprusside, Epoprostenol, Iloprost and Treprostinil by stepwise increases in agonist concentration in the myograph chamber when a plateau response was generated for the earlier concentration. The active tension was calculated in gram force (gf) as maximum tension at the plateau (gf) − resting tension (gf).
The maximum efficacy (E max ) for each agent was determined in gf and expressed as gf/mm internal diameter of each vessel (to consider the variability in PA ring diameter). After every experiment, the integrity of the endothelium was rechecked through the addition of 1 μM acetylcholine. Potassium chloride (KCl) was used to check the contractility of PA rings. The rings that failed to contract to KCl were eliminated from the research.
Agonist potency was compared by determining the agonist EC50 concentration (the concentration of agonist needed to generate 50% of maximum response) which was presented as pEC50 (the negative logarithm of the molar EC50 concentration). The pEC50 was calculated using GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla, California, USA.
http://www.graphpad.com/guides/prism/6/curve-fitting/index.htm).
Statistical Analysis
Data are expressed as mean ± SD (standard deviation). "n" refers to the number of individual PA rings used in an experiment. Agonist EC50 were determined using nonlinear regression to fit a standard slope model using the statistical analysis functions of GraphPad Prism version 7.00 for Windows (GraphPad All other reagents used were from Fisher Scientific unless otherwise specified.
Materials
Results
A total of 64 human pulmonary artery rings (mean internal diameter between 2 and 4 mm) were obtained from a total of 18 patients. Since 12 rings failed to contract to KCl, (37.6 mM [EC 80 ], calculated earlier [6] ), they were eliminated from the study and the remaining 52 rings used. The effects of vasodilator agents on pulmonary artery tone (active tension to PGF 2α ) are summarised in Table 1 and Figure 3 . 
Discussion
This is the leading research to show the variations in the in vitro effects of clinically used vasodilators on small human pulmonary vessels. Sildenafil, Milrinone, Nitric oxide and prostacyclin analogs are frequently used as pulmonary vasodilators in cardiac surgery patients.
Both Sildenafil and Milrinone are phosphodiesterase enzyme inhibitors while
NO is a guanylatecyclase stimulator [7] . Nitric oxide synthase (NOS) produces NO by catalytic conversion of L-arginine to L-citrulline in the presence of oxygen [8] . Nitric oxide is either generated endogenously in pulmonary vascular endothelial cells or is exogenously administered. It stimulates the synthesis of intracellular guanosine-3',5'-cyclic monophosphate (cGMP) by activating soluble guanylatecyclase (GC) [9] . cGMP activates different protein kinases and through the opening of calcium-gated K+ channels and a reduction in intracellular calcium leads to the relaxation of vascular smooth muscle cells [10] .
Several different isoforms of phosphodiesterase enzyme (PDE) especially PDE 1, 2, 3, 5, and 9 are present in lungs that can inactivate cGMP [11] . Phosphodiesterase inhibitors have been proven to reduce resistance in pulmonary vessels and are now an approved treatment for pulmonary hypertension [12] . Sildenafil is a phosphodiesterase-5 (PDE-5) inhibitor that acts by reducing cGMP breakdown, which results in increased sensitivity of smooth muscle cells in pulmonary vessels to nitric oxide (NO) and subsequently pulmonary vasodilation [13] . Milrinone is an inotropic and vasodilator agent that acts by inhibiting the phosphodiesterase-3 (PDE-3) enzyme. Inhibition of PDE-3 results in higher intracellular cAMP levels that enhance relaxation of the pulmonary vascular bed [14] . World Journal of Cardiovascular Surgery
Milrinone also plays the role of a positive inotropic agent and is proved to be aiding in right heart failure and PH [15] . Sodium nitroprusside is an inorganic compound that acts by releasing NO. NO stimulates guanylatecyclase in vascular smooth muscle cells to generate cGMP. This augmented cGMP than activates protein kinase G that phosphorylates different proteins and sequentially causes vessel smooth muscle relaxation [16] .
Prostacyclin (PGI2) is a 20-carbon prostaglandin member of the eicosanoid family that is produced in smooth muscle and vascular endothelial cells by cyclooxygenase enzymes mediated oxidation of arachidonic acid and acts via the IP receptor (G protein-coupled prostacyclin receptor) on endothelial cells and platelets [17] . Activation of the prostacyclin receptor produces cAMP via adenylyl cyclase, which in turn inhibits platelet activation and reduces cytosolic calcium levels. Epoprostenol, Treprostinil, and Iloprost are FDA approved prostacyclin analogs to cure pulmonary hypertension. They exert their beneficial effect by promoting direct pulmonary arterial vasodilation and platelet aggregation inhibition, which reduces resistance in the pulmonary vasculature and ventricular afterload and enhances cardiac output [18] [19] . Epoprostenol is a synthetic preparation of prostacyclin that binds to IP receptor and has a short half-life of 6 minutes due to rapid enzymatic hydrolyzation in blood, that necessitates continuous intravenous delivery ideally via placement of a central catheter [20] . Iloprost requires frequent inhalations, 6 -9 times per day due to a half-life of only 20 -30 minutes. Treprostinil is relatively stable at room temperature with a half-life of 4 hr and is available in subcutaneous, intravenous and inhalation forms [21] .
Prostacyclin analogues (iloprost and treprostinil) can be obtained in the various formulation and differ in their affinities of binding with the prostanoid receptors. Iloprost readily binds to IP, EP1 (EP = Prostaglandin E2 receptor), EP3
and EP4 receptors, [22] [23], whereas treprostinil has a high affinity for IP and EP2 receptors [24] [25] . Prostaglandin F2 acts via FP receptors and has been used in this study as a pre-constrictor. The reason we selected PGF 2α is that as it proved to be highly efficacious in previous experiments [6] and also activation of other prostanoid receptors by the prostacyclin analogues is not documented in the literature [26] .
Several studies have been performed on each class of agent that claim to improve clinical symptoms and pulmonary hemodynamics; however, to date, only the prostacyclin analogs are known to substantially enhance survival in the long-term (5 year survival-55%) [27] . Prostacyclin synthase is the enzyme responsible for the formation of prostacyclin. It may be deficient in the pulmonary endothelium of some patients with severe PH. This causes excessive vasoconstriction and platelet aggregation [28] . Prostacyclin and its analogs not only decrease pulmonary artery pressure (PAP) and pulmonary vascular resistance (PVR), but also exhibit anti-inflammatory as well as anti-proliferative properties [29] [30] . World Journal of Cardiovascular Surgery
This study confirmed that Treprostinil not only had a significantly greater potency (pEC50 9.48 ± 0.13) as compared to other agonists but also reduced pulmonary vessel tone more efficaciously with an E max value of −2.03 gf. The recorded potency of Iloprost and Treprostinil (pEC50 8.84 ± 0.15 and 9.48 ± 0.13 respectively) in the current study is higher than recorded in animal studies (pEC50 6.58 ± 0.08 for Treprostinil and 5.48 ± 0.16 for Iloprost) [31] [32] . Such species differences in the potency of prostacyclin analogs on the pulmonary vasculature are either due to the difference in the distribution or affinity of Ip receptors or dependent on the agent used for preconstruction [33] . Interestingly, prostacyclin analogs were found to be more potent in rat pulmonary arteries pre-constricted with PGF 2α in comparison to phenylephrine [34] . On the other hand, prostacyclin analogs are known to activate Ip receptors with similar potency in both humans and animals [35] [36] . Overall this study demonstrates a clear differentiation in the pulmonary pharmacology of prostacyclin analogs, phosphodiesterase inhibitors and NO in small human pulmonary arteries.
There are some limitations to our study. First, it's a laboratory-based research that might not reflect the true physiological environment that pulmonary arteries are exposed to. Secondly, the concentration of drugs used to perform these experiments may not correlate with therapeutic doses and the strength of the drug causing maximal relaxation might be beyond the safe therapeutic index for use in humans. Thirdly, we only used PGF 2α as a pre-constrictor, but as explained earlier the potency of the relaxing agent is also dependent on the pre-constrictor used, so these results need to be verified by using other pre-constrictor agents like endothelin-1 and phenylephrine. Fully blinded randomized control trials are needed to show the potential bench to bed effect of this study.
Conclusion
The current research is solely an in vitro analysis to show the efficacy as well as potency of clinically used prostacyclin analogs, SNP and phosphodiesterase inhibitors on small human pulmonary vascular reactivity. It is found that Treprostinil and Iloprost lead to maximal relaxation, while Sildenafil and SNP had a lower effect. These effects are critical for clinical aspects as prostacyclin analogs provide better results, which may be instrumental in enhanced patient outcomes.
